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ow
Abstrat
These notes are a written version of a leture given at the International Seminar Mod-
ern Trends and Classial Approah devoted to the 80
th
anniversary of Prof. Karen Ter-
Martirosyan, ITEP September 30 - Otober 1, 2002. The notes represent a non-tehnial
review of our present knowledge on the phenomenology of weak deays of quarks, and their
role in the determination of the parameters of the Standard Model. They are meant as an in-
trodution to some of the latest results and appliations in the field. Speifially, we fous on
CP violation in B-deays and the determination of the CKM matrix element Vcb from semilep-
toni deays of B mesons. We also briefly disuss phenomenologial appliations onerning
the eletron-energy spetra in semileptoni B and Bc deays.
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1. Introdution
The goal of the B physis is to preisely test the flavor struture of the Standard Mod-
el (SM) i.e. the Cabibbo-Kobayashi-Maskawa (CKM) [1℄ desription of quark mixing and
CP violation. Flavor physis played an important role in the development of the SM. For
a long time the only experimental evidene for CP violation ame from the Kaon setor:
|ǫK | = (2.280±0.013)×10−3 [12℄, ǫK/ǫ′K = (1.66±0.16)×10−3 1 . The smallness of K0− K¯0
mixing led to the GIM ompensation mehanism and a alulation of a c quark mass before
it has been disovered [3℄. The existene of CP violation in neutral kaon deay provoked the
hypothesis of a third generation, four years before experimental disovery of the Υ partiles,
the first experimental detetion of the b quark. Surprising disovery of the large B0 − B¯0
mixing [4℄ was the first evidene for a very large top quark mass. The impliations of this ob-
servation were important for the experimental program on CP violation. Two high luminosity
B fatories (SLAC/BaBar and KEKB/Belle) were ommissioned with remarkable speed in
late 1998. The experiments starting physis data taking 1999. In the summer of 2001, BaBar
and Belle experiments announed the observation of the first statistially signifiant signals
for CP violation in the B-setor [5℄, [6℄:
sin 2β = 0.75± 0.09stat ± 0.04syst (BaBar), sin 2β = 0.99± 0.14stat ± 0.06syst (Belle). (1)
The disovery of CP violation in the B system, as reported by the BaBar and Belle Collab-
orations, is a triumph for the Standard Model. There is now ompelling evidene that the
phase of the CKM matrix orretly explains the pattern of CP-violating effets in mixing and
weak deays of Kaons, harm and beauty hadrons. Speifially, the CKM mehanism explains
why CP violation is a small effet in KK¯ mixing (ǫK) and K → ππ deays (ǫ′/ǫ), why
CP-violating effets in tree level D deays are below the sensitivity of present experiments,
and why CP violation is small in BB¯ mixing (ǫB) but large in the interferene of mixing and
deay in B → J/ψK (sin 2βJ/ψK).
This paper provides a review of the seleted topis of the B meson deay phenomenology.
Setion 2 inludes a brief reapitulation of information on weak quark transitions as desribed
by the CKM matrix. In Setion 3 we disuss B0 − B¯0 mixing, various types of the CP-
violation, speifially desription of CP asymmetries in B deays to CP eigenstates, and sin 2β
measurements. In setion 4, the determination of the Vcb matrix element from exlusive and
1
The world average based on the reent results from NA48 and KTeV experiments and previous results
from NA31 and E731 ollaborations, quoted from [2℄
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inlusive semileptoni deays of the B-meson is reviewed. Some phenomenologial appliations
are onsidered in Setion 5. We do not attempt to give omplete referenes to all related
literatures. By now there are exellent letures and minireviews that over the subjets in
great deals [2℄, [7℄-[10℄. We refer to these for more details and for more omplete referenes to
the original literature relevant to Setions 2 and 3.
2. CP Violation in the B meson deays
The SM provides us with a parameterization of CP violation but does not explain its origin.
In fat, CP violation may our in three setors of the SM: i) in the quark setor via the phase
of the CKM matrix, ii) in the lepton setor via the phases of the neutrino mixing matrix, and
iii) in the strong interations via the parameter θQCD.
The non observation of CP violation in the strong interations is a mystery (the strong
CP puzzle), whose explanation requires physis beyond the SM (suh as a PeeiQuinn
symmetry, axions, et.). Reently the possibility of CP violation in the neutrino setor has
been explored experimentally
2
whih is the subjet of many reviews (see e.g. [11℄ and referenes
therein). CP violation in the quark setor has been studied in some detail and is the subjet
of this Setion.
2.1. CKM matrix
The interations between the quarks and gauge bosons in the SM are illustrated in Fig. 1,
where the verties (a), (b, ) and (d) refer to weak, eletromagneti and strong interations,
respetively. The vertex for the harged urrent interation, in whih quark flavor i hanges
to j, is depited in Fig 1(a) and has the Feynman rule
i
g2
2
√
2
Vijγµ(1− γ5), (2)
where g2 is the oupling onstant of the SU(2)L gauge group and Vij is the ij element of the
CKM matrix. Eq. (2) illustrates the V−A struture of the harged-urrent interations.
Assuming the SM with 3 generations, the network of transition amplitudes between the
harge −1/3 quarks d, s, b and the harge 2/3 quarks u, c, t is desribed by a unitary 3×3
2
There is by now onvining evidene, from the experimental study of atmospheri and solar neutrinos, for
the existene of at least two distint frequenies of neutrino osillations. The evidene so far shows the mixing
of νe → νµ (solar) and νµ → ντ (atmospheri) with very small mass differenes and large mixing angles. This
in turn implies non-vanishing neutrino masses and a mixing matrix, in analogy with the quark setor and the
CKM matrix.
3
i j i i i i i i
W±
(a)
Z0
(b)
γ
()
G
(d)
èñ. 1: Quark interations with gauge bosons. The indies i and j orrespond to the different
flavors (i = u, c, t j = d, s, b).
matrix VCKM (the CKM matrix) whose effets an be seen as a mixing between the d, s, b
quarks: 

d ′
s ′
b ′

 =


Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb




d
s
b

 . (3)
The general parameterization of VCKM in terms of four parameters θij (ij = 12, 13, 23) and
δ13, reommended by the Partile Data Group [12℄, is


c12c13 s12c13 s13e
−iδ13
−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13
s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13

 , (4)
where cij = cos θij and sij = sin θij . δ13 is the CP-violating phase parameter.
With only two families, e.g., in a world without beauty (or t quarks), VCKM an always
be redued to a real form. In ase of three families one an introdue the phase-onvention-
invariant form
Im VijVklV
∗
ilV
∗
kj = J
3∑
m,n=1
εikmεjln, (5)
where J is the Jarlskog invariant [13℄:
J = c12c23c
2
13s12s23s13 sin δ13. (6)
CP violation is proportional to J and is not zero if δ13 6= 0.
2.2. Current experimental knowledge of the CKM matrix
Before ontinuing we briefly review our urrent experimental knowledge of eah of the CKM
magnitudes. The weak mixing parameters Vud, Vus and Vcs are the best known entries of the
CKM matrix, but their improvement would be very valuable as it an lead to a better hek
4
|Vij| Method Ref. [12℄
|Vud| nulear β deay 0.9734± 0.0008
|Vus| K → πℓν¯ℓ 0.2196± 0.0023
|Vcs| D → Kℓ+νℓ 0.996± 0.013
|Vcs| W+ → cs¯ 1.00± 0.13
|Vcd| νµ + d→ c+ µ− 0.224± 0.016
Òàáëèöà 1: The VCKM submatrix desribing mixing among the first two generations. The
experimental results are taken from the Partile Data Book [12℄.
of the unitarity of the CKM matrix. We first onsider the submatrix desribing mixing among
the first two generations. The results are olleted in Table 1.
d u
W−
(a)
leptons
K π
s u
(b)
p
d
c
()
leptons
D K
c s
(d)
èñ. 2: Subproesses from whih the Vud, Vus, Vcd, and Vcs elements of the CKM matrix are
determined
The parameter |Vud| is measured by studying the rates for nulear super-allowed and
neutron β deays. The orresponding quark diagram is shown in Fig. 2a. Here the isospin
symmetry of the strong interations is used to ontrol the nonperturbative dynamis, sine
the operator d¯γµ(1−γ5)u is a partially onserved urrent assoiated with a generator of hiral
SU(2)L × SU(2)R. The present data yield the value of |Vud| with auray of 0.1%.
The parameter |Vus| is essentially derived from K → πℓν¯ℓ deay (see Fig. 2b) while the
hyperon Λ→ pℓν¯ℓ deay plays an anillary role. Here hiral SU(3)L×SU(3)R symmetry must
be used in the hadroni matrix elements, sine a strange quark is involved. Beause the ms
orretions are larger, |Vus| is only known to 1%.
5
The CKM elements involving the harm quark are not so well measured. One an extrat
|Vcd| from deep inelasti neutrino sattering on nuleons, using the proess νµ+d→ c+µ− (see
Fig. 2). This inlusive proess may be omputed perturbatively in QCD, leading to a result
with auray at the level of 10%. One way to extrat |Vcs| is to study the deay D → Kℓ+νℓ
(see Fig. 2d). In this ase there is no symmetry by whih one an ontrol the matrix element
〈K|s¯γµ(1 − γ5)c|D〉, sine flavor SU(4) is badly broken. One is fored to resort to models
for these matrix elements. The error estimate in reported value should probably be taken to
be substantially larger. An alternative is to measure Vcs from inlusive proesses at higher
energies. For example, one an study the branhing fration for W+ → cs¯, whih an be
omputed using perturbative QCD. The result quoted in Table 1 is onsistent with the model-
dependent measurement. In this ase the error is largely experimental, and is unpolluted by
hadroni physis.
The elements of Vij involving the third generation are, for the most part, harder to
measure aurately. The branhing ratio for t→ bℓ+ν an be analyzed perturbatively, but the
experimental data are not very good. Measurements of the b-fration in top quark deays by
CDF and D0 result in the rather loose restrition on |Vtb|
|Vtb| = (0.99± 0.15)× (|Vtd|2 + |Vts|2 + |Vtb|2). (7)
There are as yet no diret extrations of |Vtd| or |Vts|. One an use the experimental data
for the ratio B(B → Xsγ)/B(B → Xcℓνℓ) and the theoretial predition for B(B → Xsγ) in
order to diretly determine the ombination |VtbV ∗ts|/|Vcb|. In this way averaging the CLEO
[14℄ and ALEPH data [15℄, one obtains (for details see [16℄)
|V ∗tsVtb|
|Vcb| = 0.93± 0.10, (8)
where all the errors were added in quadrature. Using |Vtb| from (7) and |Vcb| = (40.6±1.1)×10−3
extrated from semileptoni B deays (see Setion 3), one obtains
|Vts| = 0.038± 0.007. (9)
This is probably the most diret determination of this CKM matrix element. With an improved
measurement of B(B → Xsγ) and Vtb, one expets to redue the present error on |Vts| by a
fator of 2 or even more.
This leaves us with the matrix elements Vub and Vcb, for whih we need an understanding
of B meson deay. This issue will be disussed in Setion 3.
2.3. The Wolfenstein parameterization
The parametrization (4) is general, but awkward to use. For most pratial purposes it is suf-
fiient to use a simpler, but approximate Wolfenstein parametterization [17℄, whih, following
6
the observed hierarhy between the CKM matrix elements, expands the CKM matrix in terms
of the four parameters
s12 = λ, s23 = Aλ
2, s13e
−iδ = Aλ3(ρ− iη), (10)
with λ being the expansion parameter. In terms of these parameters one finds with auray
up to O(λ6) [18℄
Vud = 1− 1
2
λ2 − 1
8
λ4, Vus = λ+O(λ7), (11)
Vcd = −λ+ 1
2
A2λ5[1− 2(ρ+ iη)], Vcs = 1− 1
2
λ2 − 1
8
λ4(1 + 4A2), (12)
Vcb = Aλ
2 +O(λ8), Vub = Aλ3(ρ− iη), (13)
Vts = −Aλ2 + 1
2
Aλ4[1− 2(ρ+ iη)], Vtd = Aλ3(1− ρ¯− iη¯), Vtb = 1− 1
2
A2λ4, (14)
The barred quantities in (14) are
ρ¯ = ρ(1− λ
2
2
), η¯ = η(1− λ
2
2
). (15)
In the Wolfenstein parameterization, the CKM matrix is written with auray up to O(λ4)
VCKM =


1− λ2
2
λ Aλ3(ρ− iη)
−λ 1− λ2
2
Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

 . (16)
This parameterization orresponds to a partiular hoie of phase onvention whih eliminates
as many phases as possible and puts the one remaining omplex phase in the matrix elements
Vub and Vtd.
The parameters λ is known with good preision:
λ = sin θ12 = 0.2237± 0.0033. (17)
The rate of the allowed b→ c deay leads to a determination of the ombination Aλ2 :
Aλ2 = Vcb = (41.0± 1.6)× 10−3 . (18)
The problem of determining ρ and η is best seen in the light of the unitarity relation.
2.4. The unitarity triangle
The unitarity of the CKM matrix implies various relations between its elements:
∑
k
VijV
∗
kj = δij (19)
7
VudVus*
VcdVcs*
VtdVts*
VusVub
*
VcsVcb*
VtsVtb
*
VtbVtd
*
VcbVcd
*
VubVud*
ds
sb
bd
VubVcb
*
*VusVcs
VudVcd
*
VcsVts*
VcdVtd*
VcbVtb*
VtsVus
*
VtdVud
* VtbVub*
uc
ct
tu
èñ. 3: Six unitarity triangles
The unitarity triangles are geometrial representations in the omplex plane of the six equa-
tions (19) with i 6= k. It is a trivial fat that any relationship of the form of a sum of three
omplex numbers equal to zero an be drawn as a losed triangle, see fig. 3.
All the unitarity triangles have the same area, J/2. However, while the triangles have
the same area, they are of very different shapes: e.g. ds triangle has two sides of order λ and
one of order λ4, while sb triangle has larger sides of order λ2 and the small side of order λ5
giving an angle of order λ2. It would be very diffiult to measure the area using suh triangles.
This leaves us with the bd triangle orresponding to the relation
V ∗udVub + V
∗
cdVcb + V
∗
tdVtb = 0, (20)
in whih all sides are of order λ3. The relation (20) is phenomenologially espeially inter-
esting as it involves simultaneously the elements Vub, Vcb, and Vtd, whih are under extensive
disussion at present. To an exellent auray VcdV
∗
cb is
|VcdV ∗cb| = Aλ3 +O(λ7) (21)
Resale all terms in (20) by Aλ3 and put the vetor VcdV
∗
cb on the real axis. The oordinates
of the remaining vertex orrespond to the ρ and η parameters or, in an improved version [18℄,
to ρ¯ = (1− λ2/2)ρ and η¯ = (1− λ2/2)η. The orresponding triangle is shown in Fig. 6.
The angles α, β, and γ (aording to the BaBar ollaboration, also known as, respetively, φ2,
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φ1, and φ3 aording to the Belle ollaboration) are defined as follows:
α = arg
(
− VtdV
∗
tb
VudV
∗
ub
)
, β = arg
(
−VcdV
∗
cb
VtdV
∗
tb
)
, γ = arg
(
−VudV
∗
ub
VcdV
∗
cb
)
. (22)
The angles β and γ = δCKM of the unitarity triangle are related diretly to the omplex phases
of the CKM-elements Vtd and Vub, respetively, through
Vtd = |Vtd|e−iβ, Vub = |Vub|e−iγ. (23)
The lengths Ru and Rt are
Ru = |ρ+ iη| =
∣∣∣∣∣VudV
∗
ub
VcdV ∗cb
∣∣∣∣∣ , Rt = |1− ρ− iη| =
∣∣∣∣∣ VtdV
∗
tb
VudV ∗ub
∣∣∣∣∣ . (24)
Sine the area of the unitarity triangle is η/2, a non-flat triangle implies CP violation.
Within the SM the measurements of four CP onserving deays sensitive to |Vus|, |Vub|,
|Vcb| and |Vtd| an tell us whether CP violation (η¯ 6= 0) is predited in the SM. This fat is
often used to determine the angles of the unitarity triangle by measurements of CP onserving
quantities. The length of one side, |ρ+ iη|, is extrated from a determination of Vub, e.g from
the rates of the forbidden b → u semileptoni transitions. CP-violating K0K¯0 mixing is
dominated by s¯d → d¯s with virtual tt¯ and W+W− intermediate states. It onstrains Im
(V 2td) ∼ η¯(1− ρ¯), giving a hyperboli band in the (ρ¯, η¯) plane. The important onstraint omes
from B0 − B¯0 mixing, whih is mediated by the operator b¯γµ(1 − γ5)d b¯γµ(1 − γ5)d. In the
SM, this operator is generated by the loop diagram for b¯d→ d¯b (see Fig. 5), with a oeffiient
proportional to |Vtd∗Vtb|2. The phenomenologial parameter ∆md is preisely measured, see
subsetion 3.1.. However, as in the ase ofK0−K¯0 mixing, relating this number to fundamental
quantities requires hadroni matrix elements whih are diffiult to ompute.
The above mentioned determinations (shematially shown in Fig. 6) point to a non-flat
triangle, i.e. to the presene of a ertain amount of CP violation.
Several global analyses of the unitarity triangle have been performed, ombining mea-
surements of |Vcb| and |Vub| in semileptoniB deays, |Vtd| inBB¯ mixing, and the CP-violating
phase of V 2td in KK¯ mixing and B → J/ψK deays, see e.g. Refs. [20℄, [21℄. The values ob-
tained at 95% onfidene level are
ρ¯ = 0.178± 0.046, η¯ = 0.341± 0.028. (25)
The orresponding results for the angles of the unitarity triangle are
sin 2β = 0.705+0.042
−0.032, sin 2α = −0.19± 0.25, γ = (61.5± 7.0)◦. (26)
These studies have established the existene of a CP-violating phase in the top setor of the
CKM matrix, i.e., the fat that Im(V 2td) ∝ η¯ 6= 0.
9
Rt
(ρ,η)
γ
α
β ρ
η
Ru
(0,0)                                                     (1,0)
èñ. 4: Unitarity triangle orresponding to Eq. (20)
b
d
d
b
t
t
W W
b
d
d
b
W
W
t t
èñ. 5: SM box diagrams inluding B0 − B¯0 mixing.
b
a
g
Allowed
V
Vub
cb
From e
From B
mixing
dExcluded by
B   mixings
r
-0.4 -0.2 0 0.40.2
h
0.2
0.4
0.6
0.8
èñ. 6: Shemati determination of the unitarity triangle.
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3. Express review of the phenomenology of CP violation
3.1. Time evolution and mixing
We first list the neessary formulae to desribe B0 − B¯0 mixing. The formulae are general
and apply to both B0d and B
0
s mesons although with different values of parameters. In the
following, we use the standard onvention that B0 (B¯0) ontains b¯ antidiquark (b quark).
One CP is not a symmetry of the theory one must allow a more general form for the
two mass eigenstates of neutral but flavored mesons. These two states are usually defined as
BH and BL where the H and L stand for heavier and less heavy mesons. The light and heavy
mass eigenstates an be written as linear ombinations of B0 and B¯0:
|BH〉 = p|B0〉+ q|B¯0〉,
|BL〉 = p|B0〉 − q|B¯0〉, (27)
with
|q|2 + |p|2 = 1. (28)
The phase onvention used here is CP |B0 >= |B¯0 > that makes the phase of q a meaningful
quantity. The mass differene ∆mB and the width differene ∆ΓB are defined as follows:
∆mB ≡MH −ML, ∆ΓB ≡ ΓH − ΓL. (29)
The average mass and width are given by
mB ≡ MH +ML
2
, ΓB ≡ ΓH + ΓL
2
. (30)
The time evolution of the mass eigenstates is simple:
|BH(t)〉 = e−iMH te−ΓH t/2|BH(0)〉,
|BL(t)〉 = e−iMLte−ΓLt/2|BL(0)〉. (31)
In the presene of flavor mixing the time evolution of B0 and B¯0 is more ompliated. An
initially produed B0 or B¯0 evolves in time into a superposition ofB0 and B¯0. Let B0(t) denotes
the state vetor of a B meson whih is tagged as B0 at time t = 0, i.e. |B0(t = 0) >= B0.
Likewise B¯0(t) represent a B meson initially tagged as B¯0. The time evolution of these states
is governed by a Shrodinger-like equation
i
d
dt
(
B0(t)
B¯0(t)
)
=
(
M − i
2
Γ
)(B0(t)
B¯0(t)
)
, (32)
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where the mass matrixM and deay matrix Γ are time independent, hermitian 2×2 matries
written in the basis of the two flavor eigenstates. Both M and Γ are omplex with M21 = M
∗
12,
Γ21 = Γ
∗
12 (hermiity), M11 = M
∗
22, Γ11 = Γ
∗
22 (CPT). M12 is the dispersive part of the
transition amplitude from B0 to B¯0, while Γ12 is the absorptive part of that amplitude. The
off-diagonal terms in (32) are indued by |∆B| = 2 transitions, so that the mass eigenstates
of the neutral B mesons that are defined as eigenvetors of M − iΓ/2 are different from the
flavor eigenstates B0 and B¯0. Solving the eigenvalue equation
(
M − i
2
Γ
)( p
q
)
= λ
(
p
q
)
, (33)
we obtain
λ± =M11 − i
2
Γ11 ±
√
(M12 − i
2
Γ12)(M∗12 −
i
2
Γ∗12), (34)
where λ+ = λH and λ− = λL. The off-diagonal (or mixing) elements are alulated from
Feynman Diagrams that an onvert one flavor eigenstate to the other. In the Standard
Model these are dominated by the one loop box diagrams, shown in Fig. 5.
To find the time evolution of B0(t) and B¯0(t) we invert Eqs. (27) to express B0 and B¯0
in terms of the mass eigenstates BL and BH and use their time evolution, Eqs. (31). Then
the evolution of the eigenstates (27) of well-defined masses M± = Re(λ±) and deay widths
Γ± = −2Im(λ±) is given by the phases exp(−iλ±t) where
λ± = M± − i1
2
Γ±t. (35)
Using Eq. (34) one obtains
(∆mB)
2 − 1
4
(∆ΓB)
2 = (4|M12|2 − |Γ12|2), ∆mB∆ΓB = 4Re(M12Γ∗12), (36)
and
q
p
=
√√√√M∗12 − i2Γ∗12
M12 − i2Γ12
. (37)
The time evolution of a pure |B0〉 or |B0〉 state at t = 0 is thus given by
|B0(t)〉 = g+(t) |B0〉+ q
p
g−(t) |B0〉 , (38)
|B0(t)〉 = g+(t) |B0〉+ p
q
g−(t) |B0〉 , (39)
where
g±(t) =
1
2
(
e−iλ+t ± e−iλ−t
)
. (40)
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The flavor states remain unhanged or osillate into eah other with time-dependent
probabilities proportional to
|g±(t)|2 = e
−ΓBt
2
[
cosh
(
∆ΓB
2
t
)
± cos(∆mt)
]
. (41)
One an expet that ∆ΓB/ΓB ≪ 1 and |Γ12/M12| ≪ 1 for B0−B¯0 mixing (this is not the
ase for K0−K¯0 mixing). The reason is that, on the one hand, it is experimentally known that
∆mB/ΓB ≈ 0.7. On the other hand, the differene in widths is produed by deay hannels
ommon to B0 and B¯0. The branhing ratios for suh hannels are at or below the level of
10−3. Sine various hannels ontribute with differing signs, one expets that their sum does
not exeed the individual level. Hene, we an safely assume that
∆ΓB
ΓB
∼
∣∣∣∣ Γ12M12
∣∣∣∣ = O(10−2). (42)
To leading order in |Γ12/M12|, Eqs. (36) and (37) an be written as
∆mB = 2|M12|, ∆ΓB = 2ReM12Γ
∗
12
|M12| , (43)
and
q
p
= − M
∗
12
|M12| . (44)
Note that the two mass eigenstates do not have to be orthogonal, in fat in general they will
not be so, unless |q/p| = 1.
3.2. The box diagram
The mass differene ∆mB is is a measure of the osillation frequeny to hange from B
0
to
B¯0 and vise versa. Beause the long distane ontributions for B0 − B¯0 mixing are small
(in ontrast with the situation for ∆mK) ∆mB and ∆mB are very well approximated by
the relevant box diagram. Sine mu,c ≪ mt the only non-negligible ontributions to M12
and Γ12 are from box diagrams involving two top quarks, the harm and mixed top-harm
ontributions are entirely negligible.
The dispersive (M12) and absorptive (Γ12) parts of top-mediated box diagrams are given
by
M12 = −G
2
Fm
2
W ηBmBBBf
2
B
12π2
S0(
m2t
m2W
) (V ∗tdVtb)
2, (45)
Γ12 =
G2Fm
2
bη
′
BmBBBf
2
B
8π
(V ∗tdVtb)
2, (46)
where mW is the W boson mass and mi is the mass of quark i. The fator fB is the vauum-
to-one-meson matrix element of the axial urrent, whih arises in the naive approximation
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obtained by splitting the matrix element into two-quark terms and inserting the vauum
state between them. This is known as the vauum-insertion approximation. The quantity BB
is simply the orretion fator between that approximate answer and the true answer. It an
be estimated in various model alulations. The QCD orretions ηB and η
′
B are of order unity
(ηB = 0.55± 0.01). The known funtion S0(xt) an be approximated very well with
S0(xt) = 0.784 x
0.76
t (47)
For more details and further referenes see [19℄.
New physis usually takes plae at a high energy sale and is relevant to the short
distane part only. Therefore, the SM estimate in Eqs. (45) and (46) remains valid model
independently. Combining (45) and (46), we obtain that
∣∣∣∣ Γ12M12
∣∣∣∣ ≈ 3πm
2
b
2m2WS(xt)
≈ 5× 10−3, (48)
for mb = 4.25 GeV, mW = 80 GeV and mt = 174 GeV, whih onfirms our previous order of
magnitude estimate. 2φB = arg(Vtd∗Vtb)
2
is a CP violating phase. The phase of Γ12 is given by
arg Γ12 = 2φB, (49)
where φB is a CP violating phase:
2φb = arg(V
∗
tdVtb)
2 = 2β, (50)
the phase of M12 is
argM12 = 2β + π. (51)
The leading orretion to this result is proportional to (mc/mb)
2
, more preisely, the phase
differene between M12 and Γ12 is
argM12 − arg Γ12 = π + 8
3
(
mc
mb
)2
× η
(1− ρ)2 + η2 , (52)
i.e. i.e. M12 and Γ12 are almost antiparallel. For the B system this leads to(
q
p
)
B
= e−2iφB . (53)
At leading order in λ and next-to-leading order in QCD, one finds
∆mB = 1.30
G2FM
2
W
6π2
·mB · f 2BBB · A2λ6 · [(1− ρ)2 + η2]. (54)
After surprising disovery of large B0 − B¯0 mixing by the Argus ollaboration many
B0 − B¯0 osillations experiments were performed by the different experimental groups (for
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the omplete list of referenes see [22℄). Although a variety of tehniques have been used, the
individual ∆mB results obtained at high-energy olliders have remarkably similar preision.
Their average is ompatible with the reent and more preise measurements from asymmetri
B fatories. Before being ombined, the measurements are adjusted on the basis of a ommon
set of input values, inluding the b-hadron lifetimes and frations. Combining all published
measurements PDG 2002 quotes the value of
∆mB = 0.489± 0.005(stat)± 0.007(syst) ps−1. (55)
3.3. CP violating effets
.For the B mesons it is useful to make a lassifiation of CP-violating effets that is more
transparent than the division into indiret and diret CP violation usually onsidered for the
Kaon setor. In the SM, there are several possible ways of CP violation. The first, seen for
example in K deays, ours if |q/p| 6= 1. It is very lear in this ase that no hoie of phase
onventions an make the two mass eigenstates be CP eigenstates. This is generally alled
CP -violation in the mixing. A seond possibility is CP violation in the deay, or diret CP
violation, whih requires that two CP -onjugate proesses to have differing absolute values
for their amplitudes. The third option is CP violation in the interferene between deays with
and without mixing. We shall onsider these ases step by step. A detailed presentation an
be found e.g. in Ref. [8℄
3.3.1 CP Violation in Mixing
This type of CP violation results from the mass eigenstates being different from the CP
eigenstates, and requires a relative phase between M12 and Γ12, i.e. |q/p| 6= 1. CP violation in
mixing has been observed in the neutral K system (Re εK 6= 0). For the neutral B system,
this effet an be best isolated by measuring the asymmetry in semileptoni deays:
ASL =
Γ(B¯0(t)→ ℓ+νX)− Γ(B0(t)→ ℓ−νX)
Γ(B¯0(t)→ ℓ+νX) + Γ(B0(t)→ ℓ−νX) . (56)
The final states in (56) ontain wrong harge leptons and an be only reahed in the presene
of B0−B¯0 mixing. As the phases in the B0−B¯0 and B¯0−B0 transitions differ from eah other,
a non-vanishing CP asymmetry follows. Speifially, for the time-integrated CP asymmetry
one obtains
ASL = Im
Γ12
M12
≈ −1.4× 10−3 η
(1− ρ)2 + η2 . (57)
The suppression by a fator of O(10) of aSL ompared to |Γ12/M12| omes from the fat that
the leading ontribution to Γ12 has the same phase as M12. Consequently, ASL = O(m2c/m2t ).
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The CKM fator does not give any further signifiant suppression,
Im
VcbV
∗
cd
VtbV ∗td
= O(1). (58)
In ontrast, for the Bs system, where the same expressions holds exept that Vcd/Vtd is replaed
by Vcs/Vts, there is an additional CKM suppression from
Im
VcbV
∗
cs
VtbV ∗ts
= O(λ2). (59)
To estimate ASL in a given model, one needs to alulate M12 and Γ12. This involves some
hadroni unertainties, in partiular in the hadronization models for Γ12.
The asymmetry ASL has been searhed for in several experiments, with sensitivity at
the level of 10−2 giving a world average of
ASL = (0.2± 1.4)× 10−2. (60)
3.3.2 CP violation in deay
We define the deay amplitudes Af and A¯f aording to
Af = 〈f |Hd|B0〉, A¯f = 〈f |Hd|B¯0〉, (61)
where Hd is the deay Hamiltonian.
CP relates Af and A¯f¯ . There are two types of phases that may appear in Af and A¯f¯ .
Complex parameters in any Lagrangian term that ontributes to the amplitude will appear
in omplex onjugate form in the CP-onjugate amplitude. Thus their phases appear in Af
and A¯f¯ with opposite signs. In the SM, these phases our only in the mixing matries , hene
these are often alled weak phases. The weak phase of any single term in Af is onvention
dependent. However the differene between the weak phases in two different terms in Af is
onvention independent beause the phase rotations of the initial and final states are the same
for every term. A seond type of phase an appear in sattering or deay amplitudes even when
the Lagrangian is real. Suh phases do not violate CP and they appear in Af and A¯f¯ with
the same sign. Their origin is the possible ontributions from oupled hannels. Usually the
dominant re sattering is due to strong interations and hene the designation strong phases
for the phase shifts so indued. Again only the relative strong phases of different terms in a
sattering amplitude have physial ontent, an overall phase rotation of the entire amplitude
has no physial onsequenes. Thus it is useful to write eah ontribution to A in three parts:
its magnitude Ai; its weak phase term e
iφi
; and its strong phase term eiδi . Then, if several
amplitudes ontribute to B → f , we have∣∣∣∣∣A¯f¯Af
∣∣∣∣∣ =
∣∣∣∣∣
∑
iAie
i(δi−φi)∑
iAie
i(δi+φi)
∣∣∣∣∣ . (62)
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3.3.3 CP violation in the interferene of deays with and without mixing
One an learn CKM phases from deays of neutral B mesons to CP eigenstates fCP . As a
result of B0−B¯0 mixing, a state whih is B0 at proper time t = 0 will evolve into one, denoted
B0(t), whih is a mixture of B0 and B¯0. Thus there will be one pathway the final state fCP
from B0 throughout the amplitude AfCP and another from B¯
0
through the amplitude A¯fCP ,
whih aquires an additional phase 2β trough the mixing. The CP invariane is violated when
the time-dependent deay rate of B0 → fCP and that of the CP onjugated deay B¯0 → fCP
are different:
ΓB0→fCP (t) 6= ΓB0→fCP (t) (63)
for any t.
The interferene of the amplitudes AfCP and A¯fCP an differ in the deays B
0(t) and
B¯0(t) leading to a time dependent asymmetry. To alulate this asymmetry it is onvenient
to introdue a omplex quantity λf defined by
λCP =
(
q
p
)
B
A¯fCP
AfCP
= e−2iβ
A¯fCP
AfCP
. (64)
In the ase ∆ΓB ≪ Γ one obtains for time dependent rates
 Γ[B
0(t)→ f ]
Γ[B¯0(t)→ f ]

 ∼ e−Γt[1∓ACP cos∆mBt∓ SCP sin∆mBt] , (65)
where
ACP ≡ |λCP |
2 − 1
|λCP |2 + 1 , SCP ≡
2ImλCP
|λCP |2 + 1 , (66)
where A (A¯) denotes the B0 (B¯0)→ fCP deay amplitude. Note that S2f +A2f ≤ 1.
The weak phase φf is the phase of Af . Therefore
A¯f
Af
= e−2iφf . (67)
Eqs. (53) and (67) together imply that for a final CP eigenstate,
λfCP = ηfCPe
−2i(φB+φf ), (68)
where ηfCP = ±1 is the CP eigenvalue of the final state.
To illustrate the phase struture of deay amplitudes, onsider the proess in whih the
b¯-quark deays through b¯→ qq¯d deay, where q is an up-quark (u or c), d is the orresponding
down quark. The deay Hamiltonian is of the form
Hd ∝ e+iφf [q¯γµ(1− γ5)d¯ ][b¯γµ(1− γ5)q ] + e−iφf [q¯γµ(1− γ5)b][d¯γµ(1− γ5)u]. (69)
In this ase
A¯f
Af
=
VqbV
∗
qd
V ∗qbVqd
. (70)
We now onsider two speifi examples.
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èñ. 7: Tree and penguin topologies in B → J/ψK deays.
3.4. B → J/ψKS. sin 2β measurements
The parameter sin 2β is diretly aessible through a study of CP violation in the golden
deay mode of B0 mesons
B0 or B¯0 → J/ψKS. (71)
The golden harater of B0 → J/ψKS derives from the fat that the final state is a CP
eigenstate, and that this deay mode is dominated by a CP onserving tree diagram. Any
CP violation observed in this mode must, to an exellent approximation, be attributed to
B0 − B¯0 mixing. The transitions B0 − B¯0 are desribed, in the lowest order, by a single box
diagram involving two W bosons and two up-type quarks. The phase of the box diagram was
seen to be exp(2 i β). Therefore measurement of CP violation effets in this deay mode an
be diretly interpreted as a measurement of the β angle in the unitarity triangle.
As it was disussed in the preeding subsetions, in deays of neutral B mesons into a CP
eigenstate fCP, an observable CP asymmetry an arise from the interferene of the amplitudes
for deays with an without BB¯ mixing, i.e., from the fat that the amplitudes for B0 → fCP
and B0 → B¯0 → fCP must be added oherently. For the time dependent asymmetry one
obtains from Eqs. (65), (66)
ACP(t) =
Γ(B¯0(t)→fCP)− Γ(B0(t)→fCP)
Γ(B¯0(t)→fCP) + Γ(B0(t)→fCP) =
2Im(λCP )
1 + |λCP |2 sin(∆mBt)−
1− |λCP |2
1 + |λCP |2 cos(∆mBt), (72)
where φB is the introdued above BB¯ mixing phase (whih in the SM equals −2β).
The deay is mediated by the quark transition b¯ → c¯cs¯. In the SM, the this deay an
proeed via tree level diagram or via penguin diagrams with intermediate u, c and t quarks,
as shown in Figure 7. The tree diagram has a CKM fator V ∗cbVcs. An amplitude P of penguin
diagram has three terms, orresponding to the three different up-type quarks inside the loop
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and an be written in the following shemati form
P = V ∗tbVtsf(mt) + V
∗
cbVcsf(mc) + V
∗
ubVusf(mu), (73)
where the f(mq) is some funtion of the quark mass. We use the unitarity relationship to
rewrite the three terms in (73) in terms of two independent CKM fators:
P = V ∗cbVcs[f(mc)− f(mt)] + V ∗ubVus[f(mu)− f(mt)]. (74)
The first of these is the same as that for the tree term, so for the present disussion it an be
onsidered as part of the tree amplitude. The seond term is suppressed by two fators. First,
ignoring CKM fators, the penguin graph ontribution is expeted to be suppressed ompared
to the tree graph, beause it is a loop graph and has an additional hard gluon. Seond, it is
CKM suppressed by an additional fator of∣∣∣∣∣V
∗
ubVus
V ∗cbVcs
∣∣∣∣∣ ∼ λ2. (75)
The penguin pollution to the weak phase is of order
φA ∼ λ2
∣∣∣∣PT
∣∣∣∣ ∼ 1%, (76)
where |P/T | ∼ 0.2 is the tree-to-penguin ratio.
Thus we have an amplitude that effetively has only a single CKM oeffiient and hene
one overall weak phase, whih means there is no deay-type (diret) CP violation. Indeed, we
need at least two terms with different weak phases to get suh an effet. This then ensures
A¯J/ψKS
AJ/ψKS
=
(
VcbV
∗
cs
V ∗cbVcs
)(
VcsV
∗
cd
V ∗csVcd
)
. (77)
The last fator is (q/p)K in K
0−K¯0 mixing. This is ruial beause in the absene of K0−K¯0
mixing there ould be no interferene between B¯0 → J/ψK¯0 and B0 → J/ψK0. Then one
finds
λˆJ/ψKS = −
(
V ∗tbVtd
VtbVtd∗
)(
VcbV
∗
cs
V ∗cbVcs
)(
VcsV
∗
cd
V ∗csVcd
)
= − exp(−2iβ), (78)
where the first fator is the SM value for the (q/p)B inB
0−B¯0 mixing. Reall that for the B me-
son we expet |q/p|B = 1 to a good approximation. Thus AJ/ψKS measures Im λJ/ψKS = sin 2β:
ACP (t) ≃ sin 2β sin(∆mBt). (79)
The results (1) obtained by Belle experiment and by Babar experiment are in reasonable
agreement among themselves. Combining Belle and BaBar results with earlier measurements
by CDF at Fermilab (0.79+0.41−0.44), ALEPH and OPAL at CERN (0.84
+0.82
−1.04 ± 0.16) gives the
world average
sin 2β = 0.734± 0.054 . (80)
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Òàáëèöà 2: Values of Sππ and Aππ quoted by BaBar and Belle. The errors for average Sππ
and Aππ are taken from [26℄
BaBar [27℄ Belle [28℄ Average
Sππ 0.02± 0.34± 0.05 −1.23± 0.41+0.08−0.07 −0.49 ± 0.61
Aππ 0.30± 0.25± 0.04 0.77± 0.27± 0.08 0.51± 0.23
3.5. B → π+π−. sin 2α measurements
To measure the angle α, the most promising and straightforward approah involves the use of
the deay mode B0 → π+π− whih is an example of the final CP eigenstate. The interferene
in this mode between diret deay and the deay via mixing leads to a CP violating asymmetry
as in the harmonium mode B0 → J/ψKS.
However there are several additional ompliations. The deay amplitude for B0 → π+π−
ontains a ontribution from a tree diagram (b¯ → u¯ud) as well as Cabbibo suppressed pen-
guin diagram whih has the flavor struture b¯ → d¯ with the final d¯d pair fragmenting into
π+π−. The magnitude of the tree amplitude is |T |; its weak phase is Arg(V ∗ub) = γ; by on-
vention its strong phase is 0. The amplitude of the penguin amplitude is |P |. The dominant
t ontribution in the loop diagram for b¯→ d¯ an be integrated out and the unitarity relation
VtdV
∗
tb = −VcdV ∗cb−VudV ∗ub used. The VudV ∗ub ontribution an be absorbed into a redefinition of
the tree amplitude. By definition, its strong phase is δ. However the remaining penguin on-
tributions are not negligible (as in the previous ase B0 → J/ψKS) and has a weak phase that
is different from the phase of the tree amplitude, whih is zero in the usual parameterization.
Therefore the time dependent asymmetry, proportional to sin∆mB , whih is measured is not
equal to sin 2α but instead will have a large unknown orretion. The presene of the extra
ontribution also indues an additional time dependent term proportional to cos∆mBt.
The time-dependent asymmetries Sππ and Aππ speify both α and δ, if one has an
independent estimate of |P/T |. One may obtain |P | from B+ → K0π+ using flavor SU(3) [23℄
and |T | from B → πlν using fatorization [24℄. An alternative method [25℄ uses the measured
ratio of the B+ → K0π+ and B0 → π+π− branhing ratios to onstrain |P/T |. The update
value of |P/T | is 0.28± 0.06 [26℄.
The experimental situation regarding the time dependent asymmetries is not yet settled.
As shown in Table 3.5., BaBar and Belle obtain different asymmetries, espeially Sππ. At
present values of α > 90◦ are favorated, but with large unertainty. It is not yet settled
whether Aππ 6= 0, orresponding to diret CP violation.
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3.6. Conlusions
The signifiane of the sin 2β measurements is that for the first time a large CP asymmetry
has been observed, proving that CP is not an approximate symmetry of Nature. Rather, the
CKM phase is, very likely, the dominant soure of CP violation in low-energy flavor-hanging
proesses. This opens a new era, in whih the model is expeted to be srutinized through
a variety of other B and Bs deay asymmetries. Impressive progress has already been made
in searh for asymmetries in several hadroni B deays, inluding B0 → π+π−, B0,± → Kπ
and B± → DK±. Current measurements are approahing the level of tightening bounds on
the CP-violating phase γ. These and forthoming measurements of Bs deays will enable a
ross-hek of the CKM model.
4. Vcb determination
As disussed in Setion 2, |Vcb| sets the overall sale for the lengths of the sides, and |Vub|
determines the length of one side. Preise determinations of both are needed to omplement
the measurement of the angles of the unitarity triangle. In this setion we shall disuss exlusive
semileptoni deays of B-mesons, in whih the b-quark deays into a c-quark, and from whih
one an determine the |Vcb| elements of the CKM-matrix. In priniple, |Vcb| an be studied in
any weak deay mediated by the W boson. Semileptoni deays offer the advantage that the
leptoni urrent is alulable and QCD ompliations only arise in the hadroni urrent. Unlike
hadroni deays, there are no final state interations. One still needs some understanding of
the strong interation. Some approahes offer detailed preditions for the QCD dynamis in
heavy quark deays. These preditions allow measurement of |Vcb| with reasonable preision.
4.1. B→ D⋆ℓν and B→ Dℓν deays
The exlusive |Vcb| determination is obtained studying the B → D⋆ℓν and B → Dℓν deays.
These deays have been studied in experiments performed at the Υ(4S) enter of mass energy
(CLEO [29℄ , Belle [30℄) and at the Z0 enter of mass energy at LEP (ALEPH [31℄, DELPHI
[32℄, and OPAL [33℄).
4.1.1 Kinematis
The hadroni form fators for semileptoni deays are defined as the Lorentzinvariant fun-
tions arising in the ovariant deomposition of matrix elements of the vetor and axial urrents.
It is onventional to parameterize these matrix elements by a set of salar form fators. The
most appropriate to the heavy-quark limit is the set of form fators hi(w), whih are defined
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separately for the vetor and axial urrents:
〈D(v′)| c¯γµb |B(v)〉 = h+(w)(v + v′)µ + h−(w)(v − v′)µ, (81)
〈D(v′)| c¯γµγ5b |B(v)〉 = 0, (82)
〈D∗(v′, ǫ)| c¯γµb |B(v)〉 = hV (w)iεµναβǫ∗νv′αvβ, (83)
〈D(v′)| c¯γµγ5b |B(v)〉 = hA1(w)(w + 1)ǫ∗µ − ǫ∗ · v[hA2(w)vµ + hA3(w)v′µ] (84)
where meson states are denoted as |P (v) > for a pseudosalar state and |V (v, ε >) for a vetor
state, where v is the 4-veloity of a state and ε is the polarization vetor, w = v · v′ is the
veloity transfer whih is linearly related to q2, the invariant mass of the W . Other linear
ombinations of form fators are also used in the literature, see e.g. [34℄
In the ase of heavytoheavy transitions, in the limit in whih the ative quarks have
infinite mass, all the form fators are given in terms of a single funtion F(w), the IsgurWise
form fator [35℄:
h+(w) = hV (w) = hA1(w) = hA3(w) = F(w),
h−(w) = hA2(w) = 0. (85)
In the realisti ase of finite quark masses these relations are modified: eah form fator
depends separately on the dynamis of the proess.
4.1.2 The deay B→ D∗ℓν in Heavy Quark Effetive Theory
Heavy Quark Effetive Theory (HQET), see e.g. [36℄, predits that the differential partial
deay width for B → D⋆ℓν, dΓ/dw, is related to Vcb through:
dΓ
dw
(B → D⋆ℓν) = G
2
F |Vcb|2
48π3
K(w)F2D∗(w), (86)
where K(w) is a known phase spae fator:
K(w) = (mB−mD∗)2m3D∗
√
w2−1 (w+1)2
[
1 +
4w
w+1
m2B − 2wmBmD∗ +m2D∗
(mB −mD∗)2
]
. (87)
The funtion FD∗(w) is the form fator for the B to D∗ transition, i.e., the Isgur-Weise
funtion ombined with perturbative and power orretions. The preision with whih Vcb an
be extrated is limited by the theoretial unertainties in the evaluation of these orretions.
In the infinite quark mass limit in the kinematial point where D∗ is at rest in the B
rest frame the wave funtion overlap is 1, i.e., FD∗ = 1. There are several different orretions
to the infinite mass value FD∗(1) = 1:
FD∗(1) = ηQEDηA
[
1 + δ1/m2
Q
+ ...
]
, Q = c, b (88)
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Experiment |Vcb| × 103 ρ2
CLEO [29℄ 43.3± 1.3± 1.8 1.61± 0.09± 0.21
Belle [30℄ 36.0± 1.9± 1.8 1.45± 0.16± 0.20
ALEPH [31℄ 33.8± 2.1± 1.6 0.74± 0.25± 0.41
DELPHI [32℄ 36.1± 1.4± 2.5 1.42± 0.14± 0.37
OPAL [33℄ 38.5± 0.9± 1.8 1.35± 0.12± 0.31
Òàáëèöà 3: Various experimental results for |Vcb|. For details see [10℄. ρ2 is the slope of the
form fator at zero reoil as defined in (90).
The orretion O(1/mQ) vanishes by virtue of Luke's theorem [37℄. QED orretions
ηQED ≈ 1.007 up to leading logarithms. QCD radiative orretions to two loops give
ηA = 0.960± 0.007. Different estimates of the 1/m2Q orretions yield
1 + δ1/m2
Q
= 0.91± 0.04 (89)
The analytial expression of FD∗(w) is not known a-priori, and this introdues an ad-
ditional unertainty in the determination of FD∗(1)|Vcb|. In an experiment one measures the
deay rate as funtion of w and extrapolates to w = 1. As the kinematially allowed range
of w is small (w ∈ [1.0, 1.5]), the form fator is approximated as a Taylor expansion around
w = 1.
FD∗(w) = FD∗(1)(1 + (w − 1)ρ2 + c(w − 1)2). (90)
Fig. 8 shows the latest CLEO measurement [29℄ of FD∗|Vcb| as a funtion of w. The results of
the fits of the latest experiments are given in Tabl. 3. Averaging the data one gets
FD∗(1)|Vcb| = (38.3± 1.0)× 10−3. (91)
This gives the most updated value quoted from [10℄
|Vcb| = (42.1± 1.1exp ± 1.9theo)× 10−3. (92)
4.2. B → Dℓν
The deay B → Dℓν an be analyzed in the same way as B → D∗ℓν deay. The differential
deay width for B → Dℓν deay is
dΓ
dw
=
G2F |Vcb|2
48π3
(MB +MD)
2M3D(w
2 − 1)3/2F2D(w) (93)
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èñ. 8: Overlay of FD∗(w)|Vcb| where the points are B → D∗ℓν data
where different form fator FD(w) is assumed. The preision with whih |Vcb| an be deter-
mined is not as good as for B → D∗ℓν beause of smaller branhing fration, larger bak-
grounds and an additional kinemati suppression fator w2− 1 (ompare Eqs. (86) and (93)).
Nonetheless it provides omplementary information and provides a test of HQET preditions
for the relationships between the form fators for semileptoni deays B → D and B → D∗.
Theoretial preditions for FD(1) are: 1.03 ± 0.07 (quark model [38℄) and 0.98 ± 0.7
(QCD sum rules [39℄). A quenhed lattie alulation gives F(1) = 1.058+0.020−0.017 [40℄. Using
FD(1) = 1.0± 0.07 PDG 2002 quotes the value
|Vcb| = (41.3± 4.0exp ± 2.9theo)× 10−3, (94)
onsistent with (92).
4.3. Inlusive semileptoni deays
Alternatively, |Vcb| an be extrated from measuring of eletron energy spetra in inlusive
semileptoni B → Xcℓν deay . Inlusive measurements are employed to avoid the need for
form fators, relying on HQET for the neessary quark level input.
The measurement [41℄ employs the method introdued by ARGUS [42℄ and later used by
CLEO [43℄, in whih BB¯ events are tagged by the presene of a high momentum lepton. As a
tag, eletrons are hosed with enter-of-mass frame momentum 1.4GeV/c < p∗ < 2.3GeV/c.
A seond eletron in the event is taken as the signal lepton for whih the ondition p∗ > pmin
is required to avoid large bakgrounds at lower momenta. Signal eletrons are mostly from
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èñ. 9: Eletron momentum spetrum from B → Xeν (solid irles) and b→ c→ Y eν (open
irles) [43℄. The urves show the best fit to the ISGW model with 23% B → D∗∗ℓν.
primary B deays if they are aompanied by a tag eletron of opposite harge (unlike-sign).
Those with a tag of the same harge (like-sign) originate predominantly from seondary deays
of harm partiles produed in the deay of the other B meson. Inversion of this harge
orrelation due to B0B¯0 mixing is treated expliitly, and unlike-sign pairs with both eletrons
originating from the same B meson are isolated kinematially. With a small model-dependene
on the estimated fration of primary eletrons below p∗ = 0.6 GeV/, the semileptoni B
branhing fration is inferred from the bakground orreted ratio of unlike-sign eletron pairs
to tag eletrons.
The B → Xceν eletron spetrum measurement [43℄ shown in Fig. 9 is an observed
spetrum above 0.6 GeV. In events with a high momentum lepton tag and an additional
eletron, the primary eletrons (b → cℓ−X) are separated from seondary eletrons from
harm deays (b→ cX ; c→ ℓ+Y ) using angular and harge orrelations.
For beauty hadrons with mb ≫ ΛQCD or Λ¯, a QCD related sale of order 400 MeV (see
below), one an use an operator produt expansion (OPE) [44℄ ombined with HQET. The
spetator model deay rate is the leading term in a OPE expansion ontrolled by the parameter
Λ¯/mb. Non-perturbative orretions to the leading approximation arise only to order 1/m
2
b .
The key issue in this approah is the ability to separate non-perturbative orretions, whih
an be expressed as a series in powers of 1/mb, and perturbative orretions, expressed in
powers of αs. Quark-hadron duality is an important ab initio assumption in these alulations
[45℄. An unknown orretion may be assoiated with this assumption. Arguments supporting
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a possible sizeable soure of errors related to the assumption of quark-hadron duality have
been proposed [46℄. This issue needs to be resolved with further measurements.
The OPE result for inlusive deay width ΓSL reads
ΓSL =
G2Fm
5
b
192π3
·
(
1− a1αs
π
− a2(αs
π
)2 + ...
)
×
(
(1 +
λ1
2m2b
)f(ρ) +
λ2
2m2b
g(ρ) + ...
)
, (95)
where a1 = 1.54, a2 = 1.43β0 (β0 being the β funtion) are oeffiients of the
perturbative expansion, mb(µ) and mc(µ) are short sale quark masses (in partiular,
mb(µ ∼ 1 GeV) = 4.58± 0.09 GeV), f(ρ) and g(ρ) are known parton phase spae fators,
f(ρ) = 1− 8ρ+ 8ρ3 − ρ4 − 12ρ2 log ρ, (96)
g(ρ) = −9 + 24ρ− 72ρ2 + 72ρ3 − 15ρ4 − 36ρ2 log ρ, (97)
with ρ = m2c/m
2
b .
The parameters λ1 and λ2 are matrix elements of the HQET expansion, whih have the
following intuitive interpretations: λ1 is proportional to the kineti energy of the b-quark in
the B meson and λ2 is the energy of the hyperfine interation of the b-quark spin and the light
degrees of freedom in the meson. The third HQET parameter, Λ¯, representing the energy of
the light degrees of freedom is introdued to relate the b-quark and B meson masses, through
the expression:
mb = m¯B − Λ¯ + λ1
2mb
, (98)
where m¯B is the spin-averaged mass of B and B
∗
(m¯B = 5.313 GeV/c
2
). A similar relationship
holds between the c-quark mass mc and the spin-averaged harm meson mass (m¯D = 1.975
GeV/c2).
The parameter λ2 an be extrated from the B
∗ − B mass splitting and found to be
λ2 = 0.128± 0.010 GeV2, (99)
whereas the other parameters need more elaborate measurements. The aim of the new inlu-
sive studies is to determine λ1 and Λ¯ from experiment and thereby derease the theoretial
unertainty whih omes when extrating |Vcb| from ΓSL.
The first stage of this experimental program has been ompleted reently. The CLEO
ollaboration has measured the shape of the photon spetrum in b→ sγ inlusive deays [48℄.
Its first moment (sensitive to Λ¯), giving the average energy of the γ emitted in this transition,
is related to the b quark mass. This orresponds to the measurement of the parameter
Λ = +0.35± 0.07± 0.10 GeV (100)
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èñ. 10: Constrains on the HQET parameters λ1 and Λ¯ from measurements of the moments
R0 and R1. The ontours represent ∆χ
2 = 1 for the ombined statistial and systemati errors
on the measured values.
For semileptoni deays B → Xcℓν, two methods to determine Λ¯ and λ1 are known. The
first method measures the first and seond hadroni mass moments while the seond method
uses the measured shape of the lepton (ℓ = e, µ) energy spetrum to determine Λ¯ and λ1,
trough its energy moments, whih are also predited by HQET. The trunated moments with
a lepton momentum ut pℓ = 1.5 GeV
R0 =
∫
1.7(dΓSL/dE)dEl∫
1.5(dΓSL/dE)dE
, (101)
and
R1 =
∫
1.5El(dΓSL/dE)dE∫
1.5(dΓSL/dE)dE
. (102)
are employed to derease sensitivity of the measurement to the seondary leptons from the
asade deays b → c/dℓν. The theoretial expressions for these moments [49℄ are evaluated
by integrating over the lepton energy in the deay b → cℓν¯ for the dominant Γc omponent.
Constraints on Λ¯ and λ1 obtained from the CLEO measurements of R1 and R2 are shown in
Fig. 10. They orrespond to
λ¯ = 0.39± 0.03stat ± 0.06syst ± 0.12theo, λ1 = −0.25± 0.02stat ± 0.05syst ± 0.14theo. (103)
Using the expression of the full semileptoni deay width given in Eq. (95) and the
experimental value ΓexpSL = (0.43± 0.01)×10−10 MeV [10℄, one an extrat |Vcb|:
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|Vcb| = (40.8± 0.5|ΓSL ± 0.4|λ1,Λ¯ ± 0.9|th)× 10−3, (104)
where the first unertainty is from the experimental value of the semileptoni width, the
seond unertainty is from the HQET parameters (λ1 and Λ¯), and the third unertainty is
the theoretial one. Non-quantified unertainties are assoiated with a possible quark-hadron
duality violation.
4.4. |Vub|
The methods whih are urrently available for probing Vub are unfortunately plagued by de-
pendene on phenomenologial models whose unertainties are diffiult to quantify reliably.
As a result, despite many experimental efforts present onstraints on this parameter are un-
aeptably weak. The analyses whih have been used fall into two lasses, inlusive deays of
the form B → Xulν, and exlusive transitions suh as B → (π, ρ)lν.
The inlusive deay rate has the advantage that it an be predited in the form of a
systemati expansion in powers of 1/mb. Experimentally measurements of b→ uℓν whih are
sensitive to |Vub| are diffiult due to the overwhelming bakground from the Cabibbo favored
b → cℓν deays. At present, this bakground an be suppressed only by onfining oneself to
kinemati regions in whih only harmless final states an ontribute, suh as E > 2.2GeV or
M(X) < 1.9GeV. Unfortunately, the OPE tehniques whih allow one to alulate reliably
the total inlusive rate breaks down when the phase spae is restrited in this way. Phe-
nomenologial models must then be used to reonstrut the rate in the unobserved kinemati
regions, and the model independene of the analysis is lost.
The inlusive analysis inludes a wide kinemati range to avoid losing signal statistis but
then pays the prie of quark-hadron duality and a fine-tuned modeling of harm bakgrounds.
Combining the observed yield of lrptons in the end-point momentum interval 2.2-2.6 GeV/
with the reent data on B → Xsγ and using HQET CLEO [47℄ report the value of
|Vub| = (4.08± 0.34± 0.44± 0.16± 0.24)× 10−3, (105)
where the first two unertainties are experimental and the last two are from the theory.
Exlusive transitions are easier to study experimentally. On the other hand theoreti-
al preditions of exlusive deay hannels are polluted by the ignorane of the physis of
quark hadronization
3
. CLEO restrits itself to exlusive final states (B → πlν, ρlν) using
3
Various approahes to this problem have been proposed (for example, heavy quark symmetry, hiral
expansions in the soft pion limit, dispersion relations, QCD sum rules, and lattie alulations), but in many
of these ases signifiant model dependene remains.
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ν-reonstrution, in whih there is a more favorable signal-to-noise but a onsiderable uner-
tainty in the form-fators. The CLEO exlusive result
|Vub| = (3.25± 0.30± 0.55)× 10−3, (106)
in whih the first error is experimental and the seond is theoretial, is onsistent with that
obtained from inlusive measurements.
4.5. Conlusions
At present our knowledge of λ1 and Λ¯ limits the preision we an ahieve on from inlusive
semileptoni B deays. The aim of the new inlusive analyses is to determine λ1 and Λ¯ from
experiment and thereby derease the theoretial unertainty whih omes when extrating
|Vcb| from ΓSL. Eah analysis alone provides two onstraints, allowing a measurement of Λ¯
and λ1. Combining the two analyses over-onstrains the theory parameters thus allowing a
test of the theoretial framework and experimental understanding of b-quark deays.
While experimental errors have reahed 1−2% level, the dominant unertainties remain
of theoretial origin. High preision tests of HQET, heks on possible violations of quark-
hadron duality in semileptoni deays. Experimental determination of mb, mb−mc and λ1 are
needed to omplete this hallenging experimental program.
5. A bit of phenomenology. Eletron spetra in semilep-
toni B and Bc deays.
Eletron energy spetrum in inlusive B → Xcℓν deays an be also treated using OPE.
The result (away from the endpoint of the spetrum) is that the inlusive differential deay
width dΓ/dE may be expanded in Λ/mb. The leading term (zeroth order in Λ/mb) is the free
quark deay spetrum, the subleading term vanishes, and the subsubleading term involves
parameters from the heavy quark theory, but should be rather small, as it is of order (Λ¯/mb)
2
.
However, the alulation of the lepton energy spetrum in OPE shows the appearane of
singular distributions δ(n)(E −mb/2) near the end point where E = mb/2. The non adequay
of the approah is also evident from the fat that although mb/2 is the largest lepton energy
available for a free quark deay, the physial endpoint orresponds to E = mB/2. In this
windows bound state effets, due to the Fermi motion of the heavy quark, beome important
and the 1/mb expansion has to be replaed by an expansion in twist. To desribe this region
one has to introdue a soalled shape funtion [51℄, [52℄ whih in priniple introdues a
hadroni unertainty. This is quite analogous to what happens for the struture funtion in
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deepinelasti sattering in the region where the Bjorken variable xB → 1. A model inde-
pendent determination of the shape funtion is not available at the present time, therefore a
ertain model dependene in this region seems to be unavoidable, unless lattie data beome
reasonably preise.
Two phenomenologial approahes had been applied to desribe strong interation effets
in the inlusive weak deays: the parton ACM model [53℄ amended to inlude the motion of the
heavy quark inside the deaying hadron, and the exlusive model based on the summation
of different hannels, one by one [54℄.
The various lightfront (LF) approahes to onsideration of the inlusive semileptoni
transitions were suggested in Refs. [55℄[58℄. In Refs. [55℄, [56℄ the Infinite Momentum Frame
presription pb = xpB, and, orrespondingly, the floating b quark mass m
2
b(ξ) = x
2m2B have
been used. The transverse b quark momenta were onsequently negleted. In Ref. [58℄ the
bquark was onsidered as an onmassshell partile with the definite mass mb and the effets
arising from the bquark transverse motion in the B¯meson were inluded. The orresponding
ansatz of Ref. [58℄ redues to a speifi hoie of the primordial LF distribution funtion
|ψ(ξ, p2
⊥
)|2, whih represents the probability to find the b quark arrying a LF fration ξ and
a transverse momentum squared p2
⊥
= |p⊥|2. As a result, a new partonlike formula for the
inlusive semileptoni b→ c, u width has been derived [58℄, whih is similar to the one obtained
by Bjorken et al. [59℄ but in ase of infinitely heavy b and c quarks.
5.1. ACM model
The ACM model was originally developed to onsider in detail the endpoint of the lepton
spetrum in order to estimate a systemati error in modeling the full spetrum. It inorporates
some of the orretions related to the fat that the deaying b quark is not free, but in a bound
state. It was expliitly onstruted to avoid mention of a b quark mass. The model is extensively
used in the analysis of the lepton energy spetrum in semi-leptoni deays. It reprodues very
well numerially the shape of the semi-leptoni spetra at least in its regular part.
The model treats the B meson with the mass mB as onsisting of the heavy b quark
plus a spetator with fixed mass msp; the latter usually represents a fit parameter. The spe-
tator quark has a momentum distribution Φ(p2) (p is its three-dimensional momentum). The
momentum distribution is usually taken to be Gaussian: normalized so that∫
Φ(p2)p2dp = 1. (107)
The deay spetrum is determined by the kinematis onstrains on the b quark. The energy-
momentum onservation in the B meson vertex implies that the b quark energy is
Eb = mB −
√
p2 +m2sp, (108)
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thus the b quark annot possess a definite mass. Instead, one obtains a floating b quark mass
(mfb )
2 = m2B +m
2
sp − 2mB
√
p2 +m2sp, (109)
whih depends on |p|2. The lepton spetrum is first obtained from the spetrum
dΓ
(0)
b (mf , E)/dE of the b quark of invariant mass m
f
b (in the b quark rest frame)
dΓ
(0)
b (mb, E)
dE
=
G2Fm
4
b
48π3
x2(xmax − x)2
(1− x)3 [(1− x)(3− 2x) + (1− xmax)(3− x)] (110)
with x = 2Ee/mb, xmax = 1− ρ, and ρ = m2c/m2b , then boosting bak to the rest frame of the
B meson and averaging over the weight funtion Φ(p2) .
dΓB
dE
=
pmax∫
0
dpp2Φ(p2)
(mfb )
2
2pEb
∫ E+
E−
dE ′
E ′
dΓ
(0)
b (mf , E
′)
dE ′
. (111)
The perturbative orretions are negleted for the moment. In Eq. (111)
pmax =
mB
2
− m
2
c
2mB − 4E , E± =
Emfb
Eb ∓ |p| . (112)
In fat the upper limit of integration in (111) is not E+ but min(E+, Emax), where
Emax =
mB −msp
2
(
1− m
2
c
(mB −msp)2
)
. (113)
These expressions onlude the kinematial analysis in the ACM model.
5.2. B-meson on the Light-Front
The elegane and simpliity of the Light-Front (LF) approah results from the analogy uf
relativisti field theories quantized in the LF to non-relativisti quantum mehanis. In fat
this orrespondene runs deep and there is exat isomorphism between the Galilean subgroup
of the Poinare group and the symmetry group of two dimensional quantum mehanis. LF
theory also provides a support for the intuitive quark-parton piture of bound states in QCD.
The purpose of this subsetion is to illustrate the attrative feature of the Lf approah in the
simplest fashion by working out a onrete example of inlusive semileptoni B deays [58℄.
Other appliations an be found in [34℄,[60℄.
Similar to the ACM model the LF quark model treats the beauty meson as onsisting
of the heavy b quark plus a spetator quark. Both quarks have fixed masses, mb and msp,
though. This is at variane with the ACM model, that has been introdued in order to avoid
the notion of the heavy quark mass at all. The alulation of the distribution over lepton
energy in the LF approah does not requires any boosting proedure but is based on the
standard Lorentzinvariant kinematial analysis.
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There are three independent kinematial variables in the inlusive phenomenology: the
lepton energy Eℓ, q
2
, where q = pℓ+ pνℓ , and the invariant mass M
2
X = (pB− q)2 of a hadroni
state. Introduing the dimensionless variables y = 2Eℓ/mB, t = q
2/m2B, and s = M
2
X/m
2
B, the
differential deay rate for semileptoni B deay an be written as
dΓSL
dy
=
G2Fm
5
B
64π3
|Vcb|2
tmax∫
0
dt
smax∫
s0
ds (114)
×
{
tW1 +
1
2
[y(1 + t− s)− y2 − t]W2 + t[1 + t− s
2
− y]W3 + . . .
}
,
where the struture funtions Wi = Wi(s, t) appear in the deomposition of the hadroni
tensor Wαβ in Lorentz ovariants. The ellipsis in (114) denote the terms proportional to the
lepton mass squared. The kinematial limits of integration an be found from equation
s
1− y +
t
y
≤ 1 (115)
They are given by 0 ≤ y ≤ (1 − ρ), where ρ = m2c/m2b , smax = 1 + t − (y + t/y), and
tmax = y[1− ρ/(1− y)].
In a parton model LF inlusive semileptoni Bc → XQ′ℓνℓ deay is treated in a diret
analogy to deep-inelasti sattering. An approah is based on the hypothesis of quarkhadron
duality. This hypothesis assumes that the inlusive deay probability for whih no referene to
a partiular hadroni state is needed equals to one into the free quarks. The basi ingredient
is the expression for the hadroni tensor Wαβ whih is given through the optial theorem by
the imaginary part of the quark box diagram desribing the forward sattering amplitude:
Wαβ =
∫
L
(cb)
αβ (pc, pb)δ[(pb − q)2 −m2c ]
|ψ(ξ, p2
⊥
)|2
ξ
θ(εc)dξd
2p⊥, (116)
where a quark tensor L
(cb)
αβ (pc, pb) is defined as
Lcbαβ(pc, pb) =
1
4
∑
spins
u¯cOαub · u¯bO+β uc = 2(pcαpbβ + pcβpbα − gαβ(pcpb) + iǫαβγδpcγpbδ) (117)
and the fator 1/ξ in Eq. (116) omes from the normalization of the B meson vertex [60℄.
Eq. (116) amounts to averaging the perturbative deay distribution over motion of heavy
quark governed by the distribution funtion |ψ(ξ, p2
⊥
)|2. In this respet the approah is similar
to the parton model in deep inelasti sattering, although it is not really a parton model in
its standard definition. The normalization ondition reads
π
1∫
0
dξ
∫
dp2
⊥
|ψ(ξ, p2
⊥
)|2 = 1. (118)
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The funtion θ(εc) where εc is the cquark energy is inserted in Eq. (116) for onsisteny with
the use of valene LF wave funtion to alulate the bquark distribution in the Bmeson.
Reall that the endpoint for the quark deay spetrum is
ybmax = (mb/mB)(1−m2c/m2b), (119)
whereas the physial endpoint is
ymax = 1−m2D/m2B. (120)
where mD is the D meson mass. The endpoint for the LF eletron spetrum is in fat not ymax
but
yLFmax = 1−m2c/m2B. (121)
This is the diret onsequene of the p2
⊥
integration in Eq. (129) [58℄. Note that yLFmax oinides
with yACMmax with auray ∼ msp/mB. For mc ∼ 1.5 GeV the differene between yLFmax and
ymax is of the order 10
−2
.
5.3. The distribution funtion of the b quark
An expliit representation for the B-meson Fok expansion in QCD is not known. A priory,
there is no onnetion between equaltime (ET) wave funtion w(k2) of a onstituent quark
model and LF wave funtion ψ(x, p2
⊥
). The former depends on the enterofmass momentum
squared k2 = |k|2, while the latter depends on the LF variables ξ and p2
⊥
. However, there
is a simple operational onnetion between ET and LF wave funtions [61℄. This is model
dependent enterprise but has its lose equivalent in studies of eletron spetra using the ACM
model. The idea is to find a mapping between the variables of the wave funtions that will
turn a normalized solution w(k2) of the ET equation of motion into a normalized solution
ψ(ξ, p2
⊥
) of the different looking LF equation of motion. That will allows us to onvert the ET
wave funtion, and all the labor behind it, into a usable LF wave funtion. This proedure
amounts to a series of reasonable (but naive) guesses about what the solution of a relativisti
theory involving onfining interations might look like.
Speifially, one onverts from ET to LF momenta by leaving the transverse momenta
unhanged, k⊥ = p⊥ and letting
piz =
1
2
(p+i − p−i ) =
1
2
(p+i −
p2i⊥ +m
2
i
p+i
) (122)
for both the bquark (i = b) and the quarkspetator (i = sp). Here p±i = pi0 ± piz with∑
p+i = p
+
B = mB (in the B meson rest frame).
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In what follows we identify Φ(k2) = |w(k2)|2 with the Gaussian distribution
Φ(k2) =
4√
πp3F
exp
(
−k
2
p2F
)
. (123)
The simple alulation yields
|ψ(ξ, p2
⊥
)|2 = 4√
πp3f
exp
(
−p
2
⊥
+ p2z
p2f
) ∣∣∣∣∣∂pz∂ξ
∣∣∣∣∣ , (124)
where
p2z(ξ, p
2
⊥
) =
1
2
(
(1− ξ)mB −
p2
⊥
+m2sp
(1− ξ)mB
)
, ξ = ξsp, (125)
and ∣∣∣∣∣∂pz∂ξ
∣∣∣∣∣ = 12
(
mB +
p2
⊥
+m2sp
(1− ξ)2mB
)
. (126)
The alulation of the struture funtionsWi(t, s) in the LF parton approximation (116)
is straightforward. The result is
Wi(t, s) =
∫
wi(s, t, ξ)δ[(pb − q)2 −m2c ]
|ψ(ξ, p2
⊥
)|2
ξ
θ(εc)dξd
2p⊥, (127)
where the struture funtions wi(s, t, ξ) are defined in the same way as Wi(s, t) in (114) but
for the free quark deay. Expliit expressions for Wi(s, t) an be obtained using Eq. (117),
they are given in Ref. [58℄. Eq. (127) differs from the orresponding expressions of Refs. [55℄
and [56℄ by the nontrivial dependene on p2
⊥
whih enters both |ψ(ξ, p2
⊥
)|2 and argument of
the δfuntion. For further details see [58℄.
5.4. The hoie of mb
An important tehnial issue that appear in the problem is the definition of the quark mass
mb. The semileptoni deay rate is proportional to m
5
b , thus any unertainty in the definition
of heavy quark mass transfers into a huge unertainty in the predited rate. The problem is
to find a definition onsistent with that of HQET.
In the ACM model, it is known [62℄, [63℄ that one the semileptoni width ΓACM is
expressed in terms mACMb = < m
f
b > (that is nothing but the floating mass m
f
b (p
2) of Eq.
(109) averaged over the distribution Φ(p2) ), the orretion to first order in 1/mb both to the
inlusive semileptoni width and to the regular part of the lepton spetrum an be absorbed
into the definition of the quark mass, in full agreement with the general HQET statement of
the absene of the 1/mb orretion in total width.
The hoie of mb in the LF approah was first addressed in the ontext of the LF
model for b → sγ transitions [64℄. It was shown that the LF model an be made agree with
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pF < m
f
b > Γ
b
SL Γ
ACM
SL Γ
LF
SL δ
ACM δLF
0.1 5.089 0.1007 0.1005 0.1005 0.2 0.2
0.2 5.004 0.0906 0.0902 0.0901 0.4 0.5
0.3 4.905 0.0799 0.0792 0.0789 0.9 1.2
0.4 4.800 0.0696 0.0688 0.0682 1.1 2.0
0.5 4.692 0.0602 0.0592 0.0584 1.7 3.0
Òàáëèöà 4: Comparison of the LF and ACM results for the semileptoni integrated rates. In
all ases msp = 0.15 GeV and mc = 1.5 GeV and the radiative orretions are negleted. A
momentum distribution of the b-quark is taken in the standard Gaussian form (123) with the
Fermi momentum pF . |Vcb| = 0.04.
HQET provided mLFb is defined from the requirement of the vanishing of the first moment
of the distribution funtion. This ondition oinides with that used in HQET to define the
pole mass of the bquark. In this way one avoids an otherwise large (and model dependent)
orretion of order 1/mb but at expense of introduing the shift in the onstituent quark mass
whih largely ompensates the bound state effets. It has been also demonstrated that the
values of mLFb found by this proedure agree well with the average values < m
f
b > in the
ACM model. Aepting the identifiation mLFb = m
ACM
b , the similar agreement but for the
semileptoni b→ c deays has been found in Ref. [65℄.
5.5. Eletron energy spetra. LF model vs ACM model
In Table 4 for various values of pF , the values of the total semileptoni width for the free
quark with the mass mb =< m
f
b > and the B meson semileptoni widths, alulated using
the LF and ACM approahes, respetively, are given. In the last two olumns, shown are the
frational deviation δ = ∆ΓSL/Γ
b
SL (in per ent) between the semileptoni widths determined
in the LF and ACM models and that of the free quark. The agreement between the LF and
ACM approahes for integrated rates is exellent for small pF . This agreement is seen to be
breaking down at pF ≥ 0.4 GeV, but even for pF ∼ 0.5 GeV the differene between the ACM
and LF inlusive widths is still small and is of the order of a per ent level.
Fig. 11 shows the three theoretial urves for eletron spetrum in inlusive B → Xcℓνℓ
deays are presented for the LF, ACM and free quark models. This is a diret alulation of
the spetrum and not a χ2 fit. A more detailed fit an impose onstrains on the distribution
funtion and the mass of the harm quark. Suh the fit should also aount for detetor
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èñ. 11: The predited eletron energy spetrum ompared with the CLEO data [43℄. The
alulation uses pf = 0.4 GeV, mb = 4.8 GeV, mc = 1.5 GeV, and αs = 0.25 for the
perturbative orretions. Thik solid line is the LF result, thin solid line is the ACM result,
dashed line refers to the free quark deay. The spetra normalized to 10.16%, 10.23%, and
10.36%, respetively. |Vcb| = 0.042.
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resolution. The overall normalization of the eletron energy spetra is
BRLF = 10.16%, BRACM = 10.23% BRfree = 10.37%, (128)
in agreement with the experimental finding [43℄ BRSL = (10.49± 0.17± 0.43)%.
The alulations impliitly inlude the O(αs) perturbative orretions arising from gluon
Bremsstrahllung and oneloop effets whih modify an eletron energy spetra at the partoni
level (see e.g. [66℄ and referenes therein). It is ustomary to define a orretion funtion G(x)
to the eletron spetrum dΓ
(0)
b alulated in the tree approximation for the free quark deay
through
dΓb
dx
=
dΓ
(0)
b
dx
(
1− 2αs
3π
G(x)
)
, (129)
where x = 2E/mb. The funtion G(x) ontains the logarithmi singularities ∼ ln2(1 − x)
whih for mc = 0 appear at the quark-level endpoints xmax = 1. This singular behaviour
at the end point is learly a signal of the inadequay of the perturbative expansion in this
region. The problem is solved by taking into aount the bound state effets [55℄. Sine the
radiative orretions must be onvoluted with the distribution funtion the endpoints of the
perturbative spetra are extended from the quark level to the hadron level and the logarithmi
singularities are eliminated.
5.6. Bc deays
The semileptoni deay of Bc onsists of two ontributions, ΓSL = Γ
b
SL+Γ
c
SL. whih are, respe-
tively. b→ c¯W+ with c-quark as spetator and c¯→ s¯W− with b quark as spetator. Sine these
proesses lead to different the final states, their amplitudes do not interfere. In the simplest
view, b and c¯ are free, and the total semileptoni width is just the sum of the b and c¯ semilep-
toni widths, with c-deay dominating. Approximating this by ΓSL(Bc) = ΓSL(B) + ΓSL(D)
yields ΓSL(Bc) ∼ 0.22 ps−1. This estimate is modified by strong interation effets.
Fig. 12 shows the lepton energy spetrum in the deay Bc → Xeνe. This alulation refers
to the ase mb = 5 GeV, mc = 1.5 GeV as hosen in Ref. [68℄. The free quark semileptoni
widts are Γc,freeSL = 0.218 ps
−1
, and Γb,freeSL = 0.090, ps
−1
. The Fermi momentum pF is hosen
as pF = 0.92 GeV orresponding to the Isgur-Sora Model. Like the OPE formalism the LF
approah leads to a redution of the free quark deay rates aused by binding, Γb,boundSL = 0.090,
ps
−1 ΓSL(Bc) = 0.18 ps
−1
, but the bound state orretions for c → s semileptoni rate are
substantially larger than those reported in [68℄. The result of Ref. [68℄ would orrespond to a
very soft Bc wave funtion with pF ∼ 0.5 GeV, whih is seemed to be exluded by existing
onstituent quark models.
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èñ. 12: The predited eletron energy spetrum in semileptoni Bc deays. The alulation
uses pF = 0.92 GeV, mb = 5.0 GeV, mc = 1.5 GeV, and αs = 0.25 for the perturbative
orretions.
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ted hadroni mass distribution spetrum in semileptoni Bc deays. The
alulation uses pF = 0.92 GeV, mb = 5.0 GeV, mc = 1.5 GeV
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Finally, we note that the theoretial results for the eletron spetrum an be translated
into preditions for the hadroni mass spetrum. In Fig. 13 we show the invariant mass
distribution of the hadrons reoiling against ℓν. The LF preditions for hadroni mass spetra
must be understood in the ense of quarkhadron duality. The true hadroni mass spetrum
may have resonane struture that looks rather different from inlusive preditions. Inlusive
alulations predit a ontinuum whih is given by the inlusive spetrum and is dual to a
large number of overlapping resonanes.
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